Purpose: Generalized seizures were often thought to be contraindications for hemispherectomy. However, few studies had investigated this issue comprehensively, as well as the predictors for generalized seizures in hemispheric lesion. We studied the predictors of generalized seizures and their potential link to seizure outcomes in a cohort of children who underwent hemispherectomy. Methods: A cohort of 76 children with hemispherectomy were reviewed and dichotomized into two groups with and without generalized seizures confirmed by vEEG presurgically. All preoperative evaluation data correlated to generalized seizures and postoperative prognosis were collected and analysed. Results: Of 76 patients, 11 (14.5%) cases were documented with various generalized seizures, including atypical absence (54.5%, 6/11), myoclonic (45.5%, 5/11), atonic (36.4%, 4/11), myoclonic-atonic (18.2%, 2/ 11), myoclonic-absence (9.1%, 1/11) and spasms (9.1%). Electrical status epilepticus during sleep (ESES) was recorded in 3 patients (27.3%, 3/11). At last follow-up, 72.7% (8/11) patients remained seizure-free. ESES was a predictor of generalized seizures (x 2 = 4.69, P = 0.043). No correlation was found between generalized seizures and unfavourable postoperative seizure outcome (P = 0.153). For different seizure types, focal to bilateral tonic-clonic seizures (P = 0.020) and myoclonic-atonic seizures (P = 0.002) might correlate with unfavourable outcomes. Conclusion: Generalized seizures were not an absolute contraindication for hemispherectomy. Those patients with ESES might experience generalized seizures presurgically. Focal to bilateral tonic-clonic seizures and myoclonic-atonic seizures pre-surgery may indicate unfavourable post-operative seizure outcomes.
Introduction
Hemispherectomy is an effective treatment option for medically refractory epilepsy in children with multilobar or hemispheric epileptogenic lesions, such as Rasmussen encephalitis, malformation of cortical development (MCD), SturgeWeber syndrome, and encephalomalacia [1, 2] . In published studies, the success rate of hemispherectomy varies from 33% to 92% [3, 4] . Many researchers have attempted to identify prognostic variables that may predict various postoperative seizure outcomes. However, some conflicting variables have been reported in these studies. Predictors such as the aetiology of epilepsy [5, 6] , surgical techniques [7, 8] , electroencephalography (EEG) findings [6] , and contralateral MRI [9, 10] have been the most studied. However, other potential factors that might affect seizure outcomes, including seizure semiology [6] , have received little attention. It has been previously reported that focal lesions might cause generalized seizures [11, 12] . Few studies have focused on generalized seizures in hemispherectomy candidates and whether they are surgical contraindications. The goals of our study were to investigate whether generalized seizures presurgically were related to postoperative seizure outcomes in a cohort of children who underwent hemispherectomy.
Methods

Patients
We collected data on all consecutive patients aged 18 years or younger who underwent hemispherectomy between June 2014 and October 2016 at the Pediatric Epilepsy Center of Peking University First Hospital. 76 patients with postoperative follow-up longer than 1 year were recruited in this study. We divided these patients into two groups based on whether ictal video-EEG (vEEG) had found generalized seizures, which was with generalized seizures and without generalized seizures, respectively. This study had been approved by the institutional review board of Ethnic Committee in Peking University First Hospital and a written informed consent had been given by all the participants.
Variables
Variables were chosen according to available demographic, clinical, vEEG, MRI, FDG-PET (fluorodeoxyglucose positron emission tomography), and aetiology data.
Demographic and clinical predictors
Predictors were based on demographics, systematic documentation of epileptic family history, perinatal risk factors of epilepsy, developmental of milestones before seizure onset, detailed epilepsy history (age at seizure onset, age at surgery, epilepsy duration, seizure frequency, and number of preoperative antiepileptic drugs). Epilepsy duration was calculated as the interval from age at seizure onset to surgery. Development before seizure onset was dichotomous as normal or delay. To allow grouping by preoperative seizure frequency as a measure of a predictor, the patients were classified into the following groups: class A, six or more seizures per day; class B, one or more seizures per day and fewer than six seizures per day; and class C, fewer than one seizure per day.
Seizure semiology predictors
Interictal/ictal scalp EEGs were recorded using a video-EEG monitoring system (Nihon Kohden; Japan); the electrodes were arranged according to the international 10-20 system. The duration of vEEG monitoring ranged from 1 to 7 days, and at least three habitual seizures were recorded for each patient. We attempted to document every seizure type if the patient had more than one type of seizure. The seizure type was classified by two epileptologists, according to the vEEG findings (without the neuroimaging information of the patient). The decision on which category each patient would fall into was based on the International League against Epilepsy (ILAE) 2017 classification of seizure types [13] .
EEG predictors
Interictal and ictal vEEG data were categorized as follows: (1) Normal (no interictal abnormalities), (2) Localized (intermittent interictal focal background slowing, focal spikes or ictal onsets recorded in up to three adjacent scalp electrodes), (3) Ipsilateral (if interictal and ictal EEG data were ipsilateral to the side of the lesion), or (4) Bilateral/contralateral (interictal discharges of nearly equal frequency over both hemispheres or ictal onsets nonlateralizing).
Neuroimaging predictors
All patients (n = 76) underwent 3 T MRI including epileptic sequences dedicated to seizure focus identification. 44 children underwent an interictal FDG-PET scan. MRI and FDG-PET results were categorized as follows: (1) unilateral: multilobar structural or metabolic abnormalities limited to one hemisphere and (2) bilateral: structural or metabolic abnormalities observed on the contralateral hemisphere.
Aetiology predictors
Aetiology was confirmed by histopathology and cerebral MRI. Three aetiological subgroups were categorized as follows: (1) developmental (hemimegalencephaly, cortical dysplasia or other MCD), (2) acquired (stable and non-progressive encephalomalacia, such as ischaemic strokes, prior intracerebral haemorrhage, asymmetric hypoxic ischaemic injury, prior head trauma and so on), (3) progressive (Rasmussen encephalitis, Sturge Weber Syndrome or other).
Follow-up study
Our centre's usual protocol for postoperative follow-up visits is at 3 and 6 months and then yearly, with more frequent follow-up in patients with recurrent seizures. Postoperative seizure status was assessed by a structured questionnaire and confirmed against the medical records over the phone or at outpatient visits. The surgical outcome was classified by the Engel score [14] according to the last follow-up medical records. The late remission was defined as seizure-recurrence after surgery, but absence of any seizures for at least more than 1 year at last follow-up.
Statistical analysis
Categorical variables are summarized as counts and percentages of the total number of patients in each category. Continuous variables are expressed as medians and ranges. The first analysis of the data was performed univariably using Wilcoxon rank sum, x 2 , and Fisher exact tests to compare two subgroups. Variables with a significance level of <10% on initial univariate analysis were then tested in a multivariate Logistic regression analysis. Kaplan-Meier survival analysis was performed to calculate the probability of seizure-free rate after surgery. Significance at P < 0.05 was statistically significant, and P-values >5% but <10% were reported to reflect trends [15] . All statistical analyses were performed using SPSS 20.0. (Table 1) 3.1.1. Demographic
Results
Clinical features of patients with generalized seizures
Eleven of 76 patients (14.5%), including 6 males and 5 females, were documented with generalized seizures. Before seizure onset, the developmental milestone was normal in 6 (54.5%), and others were delayed. The median seizure onset age was 1.8 years (0.1-5 years), the median age at surgery was 4.3 years (1.3-13 years), and the median epilepsy duration was 3.2 years (0.5-8 years). Most patients (10/11, 90.9%) had daily seizures despite receiving multiple antiepileptic drugs before surgery. 54.5% (6/11) seizure frequency of patients was classified as class A, and others (45.5%, 5/ 11) was grouped as class B.
Semiology
The 11 patients all had more than one type of focal seizure. In the focal seizure types, tonic seizures were monitored in 8 of 11 patients (72.7%), clonic seizures in 63.6% (7/11), myoclonic seizures in 54.5% (6/11), and focal epileptic spasms were observed in three cases (27.3%). Behaviour arrest, emotional and atonic seizures were recorded in two patients (18.2%), and automatisms were monitored in one case (9.1%). In the generalized seizure type, atypical absence and myoclonic seizures were most commonly recorded in 54.5% (6/11) and 45.5% (5/11) of patients, atonic seizures were documented in 36.4% (4/11), myoclonic-atonic seizures were monitored in two cases (18.2%), and myoclonic-absence and spasms were observed in the same patient (9.1%).
Video EEG
In interictal vEEG, 4 cases (36.4%) were recorded as ipsilateral discharges, while others were showed as bilateral or contralateral abnormalities (63.6%, 7/11). In ictal EEG, 90.9% (10/11) of focal seizures were recorded as ipsilateral onset, and 1 case (9.1%) of focal seizures was monitored as contralateral onset. Generalized seizures displayed extensive discharges. A total of 27.3% (3/11) of patients were monitored for electrical status epilepticus during sleep (ESES) (Fig. 1). 
Neuroimaging
In cerebral MRI, 7 of 11(63.6%) patients were unilateral abnormalities, and 36.4% (4/11) were bilateral. Only 4 patients underwent PET-CT scan, and all of them were unilateral metabolic abnormalities (Fig. 2) .
Aetiology
In aetiology, six cases (54.5%) were encephalomalacia, 4 children (36.4%) were MCD (including pachygyria, heterotopias, polymicrogyria, and hemimegalencephaly), and 1 case was Sturge Weber syndrome.
Surgery
The 11 patients with generalized seizures all underwent functional hemispherectomy by the same senior neurosurgeon (Lixin Cai). At last follow-up, all the patients were alive, and no severe surgical complications were recorded.
Follow-up
The mean follow-up time of the patients with generalized seizures was 2.67 years (1.3-3.5 years). Six patients (54.5%) had a follow-up of !3 years, 2 (18.2%) had a follow-up of !2 years, and 27.3% (3/11) had a follow-up of !1 year. At last follow-up, 72.7% (8/ 11) of patients were seizure free, including seven children with Engle I since surgery and one with late remission; and the remaining (27.3%, 3/11) suffered seizure recurrence, including one with Engel III and two with Engel IV. The three cases of unfavourable surgical outcomes were all encephalomalacia aetiology and bilateral MRI abnormalities.
Predictors of generalized seizures
Univariate analysis
Demographic, semiology, discharges of interictal vEEG, bilateral abnormalities of neuroimaging, and aetiology were not different between the groups with and without generalized seizures. Electrical status epilepticus during sleep (ESES) recorded in vEEG was strongly associated with generalized seizures (1.5% in the group without generalized seizures vs. 27.2% in the group with generalized seizures, P = 0.009) ( Table 2 ).
Multivariate analysis
Focal atonic seizure and ESES had P-values <0.1 in a univariate analysis and then tested in a multivariate analysis. In our database, ESES was more likely to predict generalized seizures (x 2 = 4.69, P = 0.043).
The relationship between semiology and surgical outcome
The mean follow-up time of the whole patients was 2.1 years (1-3.5 years). Twenty-one children (27.6%) had a follow-up of !3 years, 28 (36.8%) had a follow-up of !2 years, and 35.5% (27/ 76) had a follow-up of !1 year. At last follow-up (n = 76), the seizure-free rate was 86.6% (66/76), including 65 children (85.5%) achieved seizure-free since surgery (Engel class I) and one with late remission. Eleven (14.5%) patients experienced seizure recurrence, including one with late remission, one with Engel II, four with Engel III, and five with Engel IV outcomes. In KaplanMeier survival curves (Fig. 3) , the estimated seizure-free rates were 95.2% (AE2.8%) at 1 year, 86.3% (AE5.6%) at 2 years, and 72.5% (AE8.8%) at 3 years. However, the actual seizure-free rates were 86.8% (66/76) at 1 year, 83.7% (41/49) at 2 years, and 81.0% (17/21) at 3 years and beyond.
In semiology, generalized seizures could not strongly predict the unfavourable surgical outcome (P = 0.153). However, in univariate analysis, focal to bilateral tonic-clonic and generalized myoclonic-atonic seizures correlated with seizure recurrence (P value was 0.048 and 0.016, respectively) ( Table 3) . In multivariate analysis, focal to bilateral tonic-clonic (x 2 = 5.41, P = 0.020) and generalized myoclonic-atonic seizure (x 2 = 9.61, P = 0.002) were independently predictive of seizure recurrence. Patients with focal to bilateral tonic-clonic seizures were 9 times more likely to fail for seizure control after hemispherectomy (odds ratio value was 9.0, and 95% CI = 1.56-51.95). 
Discussion
In this study, we reported a cohort of children who underwent hemispherectomy with generalized seizures presurgically. The type of generalized seizures included atypical absence seizures, myoclonic seizures, atonic seizures, myoclonic-atonic seizures, epileptic spasms and myoclonic-absence seizures. The patients with ESES might experience generalized seizures presurgically. Focal to bilateral tonic-clonic seizures and myoclonic-atonic seizures might predict the unfavourable seizure outcomes.
Generalized seizures were not an absolute contraindication of hemispherectomy
The semiology of the eleven patients with generalized seizures were complicated, and they had both focal and generalized seizures. In generalized seizures, semiology was symmetrical and without notable signs of localization. Synchronous electromyogram was symmetrical and ictal EEG displayed extensive discharges without lead-in phenomenon. From the semiology and scalp vEEG, we could not distinguish generalized seizures as authentic or secondary generalized seizures. Limited to the current medical technology, generalized seizures cannot exclude the possibility of focal onset [16] . The 11 patients all had more than one type of focal seizures, among them 90.9% (10/11) were recorded as lesion ipsilateral onset, and 1 case was monitored as lesion contralateral onset. Various focal seizure types could occur alone, sequentially or mixed. There was no obvious demarcation between different focal seizure types. Therefore, carefully semiology analysis for these focal seizures was helpful for lateralising or localising the real epileptogenic zone.
In cerebral MRI, the 11 patients all had one-sided definitely prominent lesion, although 4 patients (36.4%) could be observed mild to moderate abnormalities on contralateral side. The semiology of focal seizures were all accordance with prominent lesion, but contralateral onset of focal seizures of the case 5 were inconsistent with prominent lesion. The prominent lesion of the case 5 was encephalomalacia and contralateral MRI was normal, so contralateral onset of focal seizures were considered as pseudolateral onset. These results contributed to lateralising or localising the epileptogenic zone. Frequent and poorly controlled seizures interfered family's daily life, and guardians strongly hope to relieve seizures and improve living quality by surgery. Preoperative data of the 11 patients with generalized seizures were reviewed at a multidisciplinary meeting, and hemispherectomy were decided to proceed.
ESES might predict generalized seizures presurgically
In univariate analysis, focal atonic seizures showed a statistical trend toward predicting generalized seizures (P = 0.098). ESES might correlate with generalized seizures (P = 0.009). In this study, 17.6% (3/11) of children with generalized seizures had ESES. The aetiology of the three patients with ESES was MCD, accounting for 75% (3/4) of the developmental subgroup. In multivariate analysis, ESES was the only independent predictor of generalized seizures (x 2 = 4.69, P = 0.043). Other variables could not predict generalized seizures. The possible reasons might be that the number of patients with generalized seizures was too small or that those variables themselves did not correlate with generalized seizures. Expanding the sample size of generalized seizures was further studied to verify those above variables. Studies showed that age was one of the important factors that affected the semiology of epilepsy, and young children were prone to experience generalized seizures [17] . Because synchronous neuronal activity easily occurs in the immature brain structural and functional networks of young children, they display extensive cortical excitability [18] . However, no statistically significant difference in generalized seizures was found between different age subgroups in this study. Even though the patients were Table 3 The relationship between semiology and seizure outcome.
Semiology classification
Overall (n = 76) Seizure-free (n = 66) Seizure-recurrence (n = 10) P Value dichotomized into two subgroups (younger than 3 years old or older), generalized seizures were not significantly different between age groups (P = 0.438). The epilepsy duration (P = 0.573) and seizure frequency (P = 0.575) did not correlate with generalized seizures. The aetiology was not associated with generalized seizures in children with hemispheric lesions, but generalized seizures were more easily noted in those with acquired and developmental aetiology. This might be explained by patient selection bias in this study. The subjects were chosen from patients who had undergone surgery. Bilateral lesions were common in acquired (various encephalitis, perinatal brain injury and so on) and developmental aetiologies (MCD). Bilateral lesions were prone to exhibit multifocal or generalized discharges, and generalized seizures were easily observed, but these patients could not undergo resection surgery. Selection bias of subjects was one of the inadequacies of this study.
Generalized or focal myoclonic seizures were often observed in the same children in this study. We speculated that focal and generalized seizures could originate from the same epileptogenic lesion. The rapid dissemination of focal onset discharges to the bilateral brain network appeared as generalized seizures, while those limited to the focal network appeared as focal seizures. Some studies [19, 20] have suggested that cortical secondary bilateral synchrony (SBS) might be a possibly underlying mechanism that focal lesions showed generalized seizures. This phenomenon could also be observed in atypical absence seizures, atonic seizures and other seizures. The specific mechanism remained unclear.
Generalized seizures could not predict the unfavourable surgical outcome
We investigated the postoperative outcome of 76 eligible patients with hemispherectomy, and follow-up visits were at least 1 year after surgery. The seizure free rate of the whole patients was 86.8% (66/76) at last visit, and it was similar to the previously reported rates, ranging from 63% to 80% from 5 large series (n = 84-170) [5, 6, 8, 9, 21] . The seizure free rate of the patients with generalized seizures was 72.7% (8/11). There was no significant correlation between generalized seizures and unfavourable seizure outcomes (P = 0.153). In group of unfavourable prognosis with generalized seizures, three children were all with encephalomalacia and bilateral MRI abnormalities. Although there was no statistical difference, it was cautious to perform surgery on these patients with generalized seizures, encephalomalacia and bilateral MRI abnormalities. When analysing the correlation between semiology and surgical outcomes, focal to bilateral tonic-clonic and generalized myoclonic atonic seizures were associated with unfavourable seizure outcomes. The postoperative risk of seizure recurrence with focal to bilateral tonic-clonic seizures was 9 times than that without relative seizures (OR = 9.0, 95% CI = 1.56-51.95). The possible reason was that the unstable brain networks or network dysfunction of the patients with focal to bilateral tonicclonic seizures [22] . The frequency of generalized myoclonusatonic seizures was too low to calculate the OR value of seizure recurrence (2.4%, 2/83). The short follow-up time was a shortcoming of this study and should be further lengthened.
The proportion of generalized epileptic spasms was less than that of previous studies [11] , which might affect statistical results between semiology and surgical outcomes. According to the new guidelines of the ILAE 2017 seizures classification, epileptic spasms were divided into three major categories: focal, generalized and unknown onset [13] . In this study, most epileptic spasms were classified as focal epileptic spasms. Previous studies [11] classified epileptic spasms as generalized seizures, even though asymmetrical epileptic spasms were observed. Focal spasms usually appeared as asymmetric spasms. When spasms involved the unilateral limb or shoulder, the spastic behaviour was more obvious than the contralateral behaviour. This type of asymmetric spasm was easy to observe. However, some focal spasms were difficult to distinguish, such as instantly eye-blinking, eye-deviating, nystagmus and other slight actions. Ictal video EEG was helpful to distinguish these spasms, and the asymmetric electromyogram manifestation also suggested asymmetric spasms.
Conclusion
Generalized seizures were not an absolute contraindication for hemispherectomy. Those patients with ESES were more likely to experience generalized seizures presurgically. Focal to bilateral tonic-clonic seizures and myoclonic-atonic seizures pre-surgery may indicate unfavourable post-operative seizure outcomes.
